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Physics Potential of the 7 = 100, 100 Beta Beam 

Mauro Mezzetto ^ 

'^Istituto Nazionale Fisica Nucleare, Sezione di Padova. Via Marzolo 8, 35100 Padova, Italy. 

The physics potential of a Beta Beam fired from CERN to a 440 kton water Cerenkov detector at a distance 
of 130 Km is computed. 



1. Introduction 

Beta Beam (/3B) ^ performances have been 
computed for j{^Re) = 66 |2, 100 H 150 
0,200 13,350 0, 500 [7j, 1000 H, 2000 0, 
2488 0. A review can be found in 0, physics po- 
tential of low gamma f3B has been studied in [TU] . 
Performances of f3B with 7 > 150 are extremely 
promising but rather speculative, because they 
are not based on an existing accelerator complex 
nor on a robust estimation of the ion decay rates. 
For a CERN based Beta Beam, fluxes have been 
estimated in JJ, and the physics potential for a 
beam fired to a 440 kton water Cerenkov detec- 
tor hosted under the Frejus, at 130 km from 
CERN, has been firstly computed in 0. So far 
the Frejus site |E| is the only realistic candidate 
at a suitable baseline for a CERN based (3B with 
7 < 150. 

This work updates and consolidates perfor- 
mances computed in for a /3B where both ^He 
and ^^Ne ions have 7 = 100 (/3B100), the optimal 
setup for a 130 km distance. In particular signal 
efficiency, background estimation, energy binning 
will be revised and all the sensitivities will be 
computed using the open source program Globes 
|14| , allowing for an estimation of performances in 
presence of degeneracies. Finally the Beta Beam 
performances will be computed as function of the 
duty cycle. 



2. Signal and backgrounds 

2.1. Signal efficiency 

Signal events in /?B, v^^ charged current 
(CC) events, are selected with standard Su- 
perKamiokande particle identification algo- 
rithms. The muon identification is reinforced 



Figure 1. Left: Event reduction for ^*Ne oscil- 
lated events (left) and pion background, 7r+ + vr^ 
(right). 

by asking for the detection of the Michel decay 
electron. Data reduction is shown in fig. ^ for 
^^Ne events and detailed in tab. 1. 

2.2. Energy binning 

As pointed out in reference 0, it is neces- 
sary to use a migration matrix to properly handle 
the Fermi motion smearing in the /3B100 energy 
range. The matrices, computed with Nuance jl5| . 
have 25 true energy bins and 5 reconstructed en- 
ergy bins in the energy range < < 1 GeV, 
see fig. 121 The migration matrix approximation 
has a visible effect in the Leptonic CP Violation 
discovery potential, as discussed in section |2| 

2.3. Atmospheric neutrino backgrounds 

Atmospheric neutrino can constitute an impor- 
tant source of backgrounds [l]. They can be sup- 
pressed only by keeping a very short duty cycle, 
and this in turn is one of the most challenging 
bounds on the design of the Beta Beam complex. 

To compute the rate of this background, the to- 
tal integrated rate of atmospheric h'e in SK, in the 
energy range of /3B100, is considered. This rate is 
scaled to the 440 kton fiducial mass and corrected 
for the difference of atmospheric neutrino fluxes 
between Kamioka and Frejus |16j . The direction 
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Figure 2. Migration matrices for ^He (upper 
plot) and ^^Ne (lower plot). 



of the incident neutrino at 400 MeV, according 
to Nuance, can be reconstructed with a ~ 0.25 
radians resolution. A 2cr cut around the CERN- 
Frejus direction is then applied. Finally the ef- 
ficiency curves of section 12.11 are applied to the 
remaining events. Assuming 8 bunches 6.25 ns 
long in the 7 km long decay ring, the duty cycle 
is 2.2 • 10"'^. Atmospheric neutrino backgrounds 
sum up to 13 background events per ion specie in 
a 4400 kton-year exposure (10'' s/year). 

In the following, sensitivities are computed 
with this background, the effect of a higher duty 
cycle is discussed in sessional 

2.4. Charged pions background 

Charged pions generated in NC events (or in 
NC-like events where the leading muon goes un- 
detected) are the main source of background for 
the experiment. To compute this background in- 
clusive NC and CC events have been generated 
with the /3B100 spectrum. Events have been se- 
lected where the only visible track is a charged 
pion above the Cerenkov threshold. Particle iden- 
tification efficiencies have been applied to those 
particles. With Geant 3.21 the probability for 
a pion to survive in water until its decay have 
been computed ^ . This probability is different for 
positive and negative pions, these latter having a 
higher probability to be absorbed before decay- 
ing. The surviving events are backgrounds and 
the reconstructed neutrino energy is computed 
mis-identifying these pions as muons. Event rates 
are reported in tab. 1. These background rates 



Table 1 

Events in a 4400 kton-year exposure, (17^) 
CC events are computed assuming full oscilla- 
tion, pion backgrounds are computed from Veipe) 
CC+NC events. 
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are significantly smaller from what quoted in 
where pion decays were computed with the same 
probabilities of the muons. 

3. Sensitivities 

Sensitivity to 0i3 is by definition the perfor- 
mance of the experiment in absence of signal. 
It has been computed for 10 years running time 
(5 ^Re+ 5 i^Ne) with 5.8 • lO^^ useful "^He de- 
cays/year and 2.2 • 10^^ useful -^*Ne decays/year. 
Appearance and disappearance channels have 
been combined together. Input values are 023 = 
7r/4, Ato^3 = 2.5 • 10-3 eV^, sin^ 6I12 = 0.315, 
Am22 = 7.9 • 10-5 eV^, sign(ATO^3) =+1. Pa- 
rameter errors have been fixed to the T2K sensi- 
tivities for the atmospheric parameters 18^ and 
to the present values of the solar parameters: 
6I23 = 5%, Amis = 4%, = 10%, Am?2 = 4%. 
The systematic errors for signal and backgrounds 
has been fixed to 2%. 

The sensitivity curve, fig. 3, is a 6 param- 
eters fit minimized over the solar and the at- 
mospheric parameters and projected over . 
Degeneracies induced by the unknown values of 
sign(Am|3) and ^23 are not accounted for. 




^cross-checked with a Fluka 2003 simulation 1171 



8cp(deg) 

Figure 3. 613 sensitivity at 90% CL (Ax^ > 4.61) 
as function of 6cp (see text). 
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In case of signal it is important to quanti- 
tatively assess the discovery potential for lep- 
tonic CP violation (LCPV). It is computed at 
3(7 (Ax^ = 9.0) taking into account all the 
parameter errors and all the possible degenera- 
cies. As common practice in literature 623 — 40° 
has been used, to leave room for the octant 
(7r/4 — 023 ) degeneracy. In fig. 4 discovery po- 
tential is computed under 4 different hypotheses 
of the true parameters, normal: sign(Am23) =1, 
6*23 < 7r/4; sign: sign(Am|3) =-1, 6I23 < 7r/4; 
octant: sign(Am23) =1, O^z > 7r/4; mixed: 
sign(Am23) =-1, ^23 > tt/A. Each of these 4 true 
values combinations has been fitted with the 4 
possible fit combinations of sign(Am23) and ^23 • 
Also shown are the LCPV discovery potentials 
neglecting the degenerate solutions. Effect of de- 
generacies are sometimes visible for high values 
of ^13 , precisely the region where they can be re- 

360 I 




10'^ 10"^ 10"' 

sin'2ei3 

Figure 4. LCPV discovery potential at 3a(Ax^ > 
9.0) computed for the 4 different options about 
the true values of sign(ATO23) and ^23 (see text). 
Dotted curves are computed neglecting the effects 
of the clone solutions. 
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Figure 5. LCPV discovery potential at 3a{Ax^ > 
9.0), under three different options of the input 
parameters (see text) and computed without the 
degenerate solutions (dotted line). 

duced by a combined analysis with atmospheric 
neutrinos [T5}. 

Several effects play significant roles in the final 
LCPV discovery potential, as gaussian approxi- 
mation for the energy binning or systematic er- 
rors bigger than 2%, as shown in fig. 5. 

4. Duty cycle 

A critical parameter in designing the Beta 
Beam complex is the duty cycle. Due to the avail- 
able longitudinal acceptance in the decay ring, 
PB fluxes can only be increased by increasing the 
number of bunches in the decay ring |20| . An 
extremely short duty cycle, aimed to keep the 
atmospheric background close to zero, was the 
choice for the 7 = 66 /3B P], where the experi- 
mental backgrounds were close to zero. For the 
7 = 100 option, a modest rate of atmospheric 
neutrino backgrounds is tolerable. To assess the 
highest possible duty cycle for f]B100, LCPV per- 
formances have been computed (neglecting de- 
generacies) by varying the duty cycle under two 
hypotheses: the overall fluxes remain constant or 
the overall fluxes rise as function of the duty cycle 
as discussed in 1501 (fig. 6). 

Fig. 7 right, shows performances at constant 
fluxes. The degradation of performances is ev- 
ident at the smaller values of 613 , where the 
background level is the dominant factor, while at 
higher values of ^13 the performances are rather 
stable. The left plot of fig. 7 shows performances 
computed with the flux-duty cycle relationship of 
fig. 6. Here the nominal fluxes have been assumed 
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Figure 6. Ion decay rates (a.u) as function of the 
duty cycle for "^He (left) and ^^Ne (right). Taken 
from reference ['20K 
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Figure 7. LCPV discovery potential for different 
values of the number of ion bunches circulating 
in the decay ring computed following the curves 
of fig. 6 (left) or keeping constant the ion decay 
rates (right). 

for 20 bunches in the decay ring both for ^He and 
^*Ne ions. This assumption is more optimistic 
of what quoted in "W, the purpose of this plot 
is not to display performances of /?B100 but to 
show how performances scale as function of the 
duty cycle. Discovery potential increases up the 
point where a flux saturation occurs, roughly for 
75 ®He bunches and for 150 ^^Ne bunches. This 
latter plot shows that the high intensity frontier 
for the Beta Beams is as promising as the high 
gamma scenarios. 

5. Conclusions 

The Beta Beam design study for the baseline 
CERN option is running. It will provide the final 
estimation of neutrino rates and possible path- 
ways to increase the performances. The physics 
potential, as can be predicted today, shows that 
it is worth the effort. 

I'm very grateful to J.E. Campagne, P. Huber, 
M. Lindroos, M. Maltoni and T. Schwetz for the 



many illuminating discussions during the prepa- 
ration of these studies. 
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